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and molybdenum(V) 25 and cationic surfactants. 26 The determination of protein is mainly based on the fact that the aggregation of the chromophore on the protein can lead to the enhancement of RRS. At present the dyes used are mainly of two kinds. One kind includes some acid triphenylmethane dyes such as Bromophenol Blue, 15 tetraiodophenolsulfonphthaleine, 16 Chrome Azurol S 17 and Acid Green 25; 18 the other kind includes some acid xanthene dyes such as Pyrogallol Red 19 and Bromopyrogallol Red. 20 However, azo dyes are rarely used.
In the experiment, we discovered that in a weakly acidic medium, the RRS of some acidic monoazo dyes such as Orange G (OG), Methyl Orange (MO), Methyl Red (MR) and Orange IV (OIV) are very faint. However, when they combine with some proteins, the intensity of RRS increases and a new RRS spectrum appears. The Orange G system is the most sensitive and its analytical property is the best. So in this paper, the Orange G system was taken as an example, and the RRS spectral characteristics of the reaction products, the optimum conditions of the reaction, the affecting factors, the sensitivity and the selectivity were studied. Results show that, in pH 0.6 -2.0 HCl-NaAc (sodium acetate) buffer solution, Orange G combined with protein such as bovine serum albumin (BSA), hemoglobin serum albumin (HSA) as well as α-chymotrypsin and a new RRS spectrum appears. The highest peak is located at 548 nm and two other smaller RRS peaks are at 345 nm and 290 nm. The scattering intensity is directly proportional to the concentration of protein in the range of 0 -5.0 µg/mL. The method has high sensitivity. The detection limits (3σ) are 2.6 ng/mL for BSA, 3.4 ng/mL for HAS and 7.1 ng/mL for α-chymotrypsin, which are much lower than that of some RRS methods reported. And the method has fairly good selectivity and can be applied to the determination of trace amounts of protein in the synthetic samples with satisfactory results.
Experimental

Reagents
The bovine serum albumin (BSA) and hemoglobin serum albumin (HSA) (Sigma Corporation): 20 µg/mL; α-chymotrypsin (Sino-American Biotechnology Company): 40 µg/mL; cellulase (Sino-American Biotechnology Company): 50 µg/mL; All the solutions of proteins were kept in a refrigerator between 1 to 4˚C. Orange G solution (analytical reagent grade, Shanghai Third Chemical Reagent Plant): 0.025%; solubilizing agent solution (Triton X-100, Tween 20, emulsify OP and polyvinyl alcohol): 0.2%; hydrochloric acid-sodium acetate buffer solution: 0.2 mol/L (pH 0.2 -3.3). All the reagents were of analytical reagent grade and doubly distilled water was used throughout.
Apparatus
A Shimadzu RF-540 spectrofluorophotometer (Kyoto, Japan) was used; the parameters were: slit 10 nm; low sensitivity and ordinate ×16.
General procedure
Place 20 µg BSA (or some other protein solution) in a 10 mL dry calibrated flask. Add 1.0 mL of pH 1.2 HCl-NaAc buffer solution, 1.5 mL of TritonX-100 solution, 2.0 mL of water and 1.5 mL of Orange G solution, then dilute to the mark with water. Mix up and set the solution aside at 24 -40˚C for 10 min. Record the RRS spectra with synchronous scanning at λex = λem (i.e. ∆λ = 0 nm) and measure the RRS intensity I for the reaction product and I0 for the reagent blank at the maximum scattered wavelength, ∆I = I -I0. Figure 1 shows the RRS spectra of Orange G-BSA. The spectral characteristics for the four systems are listed in Table 1 . It can be seen that: (1) the RRS of the four monoazo dye solutions are very faint; (2) with trace amounts of BSA in solution, BSA reacts with the dye to form a combination product. So that the RRS intensity increases in varying degrees and different RRS spectra come into being depending on the dye used. The maximum RRS peak is at 548 nm for BSA-OG, 535 nm for BSA-OIV, 410 nm for BSA-MO and 400 nm for BSA-MR and each has two or three other smaller scattering peaks.
Results and Discussion
Spectral characteristics
The Orange G system is the most sensitive and stable. For other three systems, not only is the sensitivity lower, but also the stability is also poorer. Therefore, in this paper, we study mainly the Orange G-protein system.
The optimum conditions of the reaction
The effect of pH value of the solution on the RRS intensity was studied. The results are shown in Fig. 2 . It can be seen that, in pH 0.6 -2.0 HCl-NaAc buffer solution, the ∆I of Orange G-BSA reaches a maximum value and keeps constant. If the pH is too low or too high, the RRS intensity is lower. And the suitable addition amounts of the buffer solution are 0.4 -4.0 mL. When the amount is less than 0.4 mL, the buffer capacity is not enough. When the amount is more than 4.0 mL, the ∆I decreases, which results from the increase of the ion strength of the solution. Generally speaking, the more the ion strength is, the weaker the RRS is. In the experiment, 1.0 mL of pH 1.2 HCl-NaAc buffer solution is added.
The optimum addition amounts of Orange G (0.025%) are between 1.4 mL and 1.7 mL, i.e., the optimum concentration range of Orange G is 7.7 × 10 -5 -9.4 × 10 -5 mol/L. An amount more than 1.7 mL or less than 1.4 mL will lead to the decrease of ∆I.
In order to increase the solubility of the combination product in water, we tested the effects of some solubilizing agents such as TritonX-100, Tween 20, emulsified OP and polyvinyl alcohol. The results show that the four solubilizing agents all increase the ∆I to varying degrees. Among them, Triton X-100 is best; the suitable addition amounts of Triton X-100 solution (0.2%) used are 1.0 -2.2 mL.
The effect of reaction temperature on RRS intensity was tested. The results show that, when the temperature is between 24 -40˚C, the ∆I value reaches the highest in 10 min and stays constant for 15 min. If the temperature is too low, the reaction speed is slow. If the temperature is too high, the stability of the combination product of BSA with OG becomes poor. On the other hand, too high temperature may lead to heat-denaturation of the protein. Therefore, if the temperature was too low, the solution was heated in 26˚C water bath for 10 min and we measured the RRS intensity within 15 min.
The relation between ∆IRRS and concentration of protein
Under the optimum conditions, Orange G reacts with a protein such as BSA, HSA, α-chymotrypsin and cellulase for different concentrations. Measure the ∆I at 548 nm and construct the calibrated graphs of ∆I against concentrations of the proteins. The results are listed in Table 2 . The linear ranges of proteins are 0 -5.0 µg/mL for BSA and 0 -6.0 µg/mL for HAS and α- chymotrypsin, but Orange G does not react with cellulase. The method has high sensitivity; the detection limits (3σ) for proteins are 2.6 ng/mL for BSA, 3.4 ng/mL for HAS and 7.1 ng/mL for α-chymotrypsin, respectively. It is more sensitive than some fluorescence methods and some other reported RRS methods (see Table 3 ).
The selectivity of the method
Under the appropriate conditions, the influence of coexisting substances on the determination of BSA is investigated and the results are shown in Table 4 . Most of them have little effect on the determination. The method has fairly good selectivity and was applied to the determination of protein synthetic samples with satisfactory results (see Table 5 ).
The discussion of reaction mechanism and the reason for the enhancement of RRS
The isoelectric point pI values of BSA, HAS and α-chymotripsin are 4.7, 4.7 and 8.3, respectively. 29 Therefore, under the experimental conditions (pH 1 -2), all the proteins are macromolecules with positive charges. In this case, the two -SO3H groups in Orange G are dissociated, but -OH is not dissociated. So Orange G exists mainly in the species of HL 2-. By virtue of electrostatic forces and hydrophobic interaction, HL 2-anion combines with a protein charged positively, which results in the assembling of Orange G on the protein. The chromophore aggregation on the biological macromolecule leads to the significant enhancement of RRS.
According to the microscopic fluctuation theory, molecular scattering results from refractive index (m). The refractive index is complex, m = n -ik, where n is the real part of the refractive index and k is the absorption coefficient. 30 In accordance with Kroning-Kramers formula, the real part can be written as:
where n0 is the refractive index of the pure solvent, c the molarity of the solution, λ0 the wavelength of the incident and scattering light, λ the arbitrary wavelength studied in the whole molecular absorption spectrum, and ε(λ) the molar absorption coefficient at the wavelength studied. The imaginary part can be calculated to be:
Therefore, the intensity of Rayleigh scattering observed perpendicular to incident light can be expressed as
where NA is the Avogadro constant, ∂n/∂c and ∂k/∂c are the increments (per 1 M solute concentration) in the real part and the imaginary part of the refractive index, respectively. Cv is the Cabannes factor and I0 is the intensity of incident light. It can be seen that, when the scattering system, incident light and other experimental conditions are appropriately selected, I is only proportional to the concentration of the scattering molecules. This is the quantitative basis for the determination.
On the other hand, it can be seen that, when the wavelength of incident light is far away from the absorption band, there is only pure Rayleigh scattering. At this time, the scattering light is only relevant to the real part of refractive index and the increment of the imaginary part ∂n/∂c ≅ 0. So the intensity of scattering is fairly weak. However, when the scattering wavelength is close to or situated on the molecular absorption band, the imaginary part of refractive index, in addition to the ------4π real part, contributes to the light scattering. It can be seen from (2) that, when all other conditions are selected, the imaginary part k increases with the increase of molar absorption coefficient. Therefore, the profile of RRS spectrum caused by the increment of imaginary part should be similar to the profile of absorption spectrum. This is consistent with the experimental result (shown in Fig. 3) .
Because the increment of the imaginary part is mainly determined by the molar absorption coefficient (ε), the higher the value of ε is, the stronger the RRS is. In our work, as far as the protein is concerned, there is only weak light absorption in UV-region and there is hardly any absorption in the visible region. Therefore, the protein gives rise to fairly weak scattering before it combines with dye molecules. When a protein coexists with dye molecule such as OG, the dye anion combines with the positively charged group on the peptide chain of the protein. So lots of dye molecules assemble on the protein and a supermolecule complex (OG)n·(protein) comes into being. Owing to the fact that there is strong absorption in the visible region caused by such dyes as OG, ∂k/∂c gives much more contribution to scattering intensity in this case. Therefore, the aggregation of the chromophore on the protein leads to strong RRS. 
